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BAROPLASTIC CLAY/SILICA NANOCOMPOSITES 
SUMMARY 
Plastics have undoubtedly been the wonder materials of the last century. They have 
fundamentally revolutionized the manner in which we conceptualize and implement 
new products. They are ubiquitous in today’s environment, appearing in ways that 
range from mundane to high-tech, from indispensable to completely wasteful. The 
manufacturing of commercial plastics (thermoplastic and thermoplastic elastomers) 
traditionally involves melt processing at temperatures typically close to melting 
temperatures (Tm) to enable extrusion or moulding under pressure into desired forms-
followed by solidification. This process consumes energy and causes degradation of 
polymers and additives with limitation recycling of plastics. As an alternative to melt 
processing at high temperatures, Mayes and Acar et al. had proposed a material 
called ‘baroplastic’ copolymers that can be processed by pressure at room 
temperatures instead of high melting temperatures. However, baroplastic materials 
have some limitations both mechanically and thermally because of invention is just a 
little while ago.  
Nanocomposites have attracted tremendous attention due to their potential 
applications in biomedical, catalytic, separation, chemical sensing, fuel cell, 
capacitor, microfabrication, etc. Nanoomposite materials are a complex of nanophase 
materials and other materials, optimizing the the performance of traditional 
materials. Various nanocomposites have been prepared in a wide range of in-situ 
polymerization, melt mixing, solvent mixing, sol-gel process, etc. Among these 
techniques were addressed to improve nanocomposite mechanical, optical and 
thermal properties. 
The mail goal of this study is to understand the effect of spherical, needle-type and 
lamellar structered nano scaled particles in baroplastics and to synthesize large scales 
of baroplastic via atom transfer radical polymerization (ATRP) which is one of the 
controlled radical polymerization (CRP) method widely used. For this purpose, large 
scale of baroplastic was synthesized (250 g) via ATRP to prepare nanocomposites 
with different nanoparticle types and different compositions by solvent mixing 
method. Prepared nanocomposites were processed by special designed mold under 
room temperature to see processibility of nanocomposites. Some nanocomposites 
were processed by injection moulding after a process of micro-compounding at 
higher temperatures to obtain unwavy samples for tensile tests. Obtained 
nanocomposites were tested thermally, mechanically and compared due to 
nanoparticle ratio and type.  
In this study, different nanocomposites of baroplastics were investigated. Different 
nanoparticles showed different properties in polymer matrix due to their chemical 
and physical structure. Different nanoparticles both increased or decreased, 
mechanical properties of virgin material due to nanoparticle shape or nanoparticle 
ratio. For example, nanocomposite with 5% montmorillonite was increased the virgin 
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material’s mechanical properties wheras 20% was decreasing the mechanical 
properties due to the agglomeration. 
Herein, baroplastic material’s properties were tried to be improved in order to work 
low temperature processing polymers into commercial plastics. Their environment-
friendly and low energy consumption properties will step them forward for extend to 
the our lives with advanced mechanical and thermal properties. 
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BAROPLASTĐK KĐL/SĐLĐKA NANOKOMPOZĐTLERĐ 
ÖZET 
Plastikler, son yüzyılda merak edilen ve araştırılan maddelerden biridir. Plastikler, 
günlük hayatımızda en fazla kullandığımız malzemelerden, yüksek teknoloji 
gerektiren malzemelere kadar yer tutmaktadır. Plastik sektörü özellikle 20. yüzyılın 
ilk çeyreğinden sonra, çok çeşitli dallarda, çok  çeşitli amaçlarla kullanım alanı 
bulmuş olan ve bu alanı giderek genişletmeye devam eden  bir sektör konumundadır. 
Günümüzde plastikler, ahşap,  kağıt, metal, cam, pamuk, yün, ipek  ve kauçuk gibi 
pek çok doğal ürünün yerini almış ve insan hayatının vazgeçilmez bir parçası haline 
gelmiştir. Plastiklerin çeşitli şekillerde işlenebilme özelliğinin yanında maliyet 
avantajları da bugün varolan teknolojik gelişmelerin çoğunda hayati öneme sahip 
olmalarını sağlamıştır.  
Sanayide şekillendirilerek hayatımıza giren plastiklerin çok yüksek bir çoğunluğu 
erime noktası (Tm) yakınlarındaki sıcaklıklarda eriyik haline getirilerek işlenirler ve 
daha sonrasında soğutularak içine konulduğu kalıbın şeklini korurlar, böyle plastikler 
ısı ile şekil alabilen plastikler anlamına gelen ‘termoplastikler’ ve ısıyla şekil alabilen 
elastomerik plastikler ise ‘termoplastik elastomerler’ olarak adlandırılır. 
Termoplastik elastomerler endüstride ve sanayide olduğu gibi akademik alanda da 
çok önemli bir yere sahiptir. Termoplastik elastomerler, blok kopolimerlerin önemli 
bir parçası olarak düşünülmelidir. Termoplastik blok kopolimerler, birbirine sıralı ya 
da aşı şeklinde kimyasal bağlarla bağlanarak, yumuşak ve sert olmak üzere en az iki 
fazdan oluşurlar. Farklı yapıdaki polimerlerin kimyasal olarak bağlanmasıyla ortaya 
çıkan malzeme, içerdiği fazların özelliklerinin birleşimiyle yeni özellikler gösterir ve 
malzemenin işlenmesi yine yüksek sıcaklıklar gerektirir. Kullanılan yüksek 
sıcaklıklar, kimyasal bağlardan oluşmuş uzun zincirlere sahip polimer yapısını 
bozabilmekte ve böylece polimer bir kez ısı kullanılarak şekillendirildikten sonra, 
kimyasal bağların zarar görmesinden dolayı tekrar işlendiğinde ilk işlenmedeki 
mekanik ve fiziksel özelliklerini çok altında performans gösterirler.  
Mayes ve Acar’ın çalışma grubu düşük/oda sıcaklığında basınç altında 
şekillendirilebilen baroplastik di-blok kopolimerler, çekirdek-kabuk nanoparçacık 
polimer ve biyobozunabilen blok kopolimerleri ortaya çıkarmışlardır. Baroplastikler, 
içerdikleri düşük ve yüksek camsı geçiş noktasına (Tg) sahip bloklardan oluşur. Bu 
iki segment nano faz ayrımında bulunurlar ve basınç etkisiyle oda sıcaklığında düşük 
Tg’ye sahip segmentler bir nevi çözücü görevi görerek nano faz ayrımındaki 
segmentlerin kısmen karışmasını sağlarlar, böylece yüksek Tg’ye sahip segmentler 
hareket kazanır ve düzenli nanofaz halinden ayrılarak kısmen karışmış olan bir faz 
oluştururlar. Basınç ortadan kalktığında yumuşak segment solvent olarak davranmayı 
bırakır, böylece basınç altında eriyik gibi davranan malzeme basınç kalktığında eski 
katı haline geri döner ve içinde bulunduğu kalıbın şeklini alarak bu şekli muhafaza 
eder. Bu işlem sırasında sıcaklık kullanılmadığından işlenmiş polimer küçük 
parçalara ayrılarak tekrar kalıba konup basınç uygulandığında, kısmen karışan faz 
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artarak tekrar şekillenebilir ve mekanik özelliklerinde değişme olmaz. Çalışma 
grubumuz tarafından yapılan çalışmalarda bu geri-dönüşüm sayısının yaklaşık 170 
kez olduğu teorik olarak bulunmuştur. 170 kez geri-dönüşüm sonrasında, başta nano-
faz ayrımında bulunan bütün zincirler karışım fazına geçer ve geri-dönüşüm son 
bulur. Bu noktada malzeme 120 °C üzerinde yaklaşık 1 saat bekletildikten sonra 
bütün zincirler yeniden nano-faz ayrımına geçerler ve yeniden 170 kez geri-
dönüştürülebilirler bu da sonsuz geri-dönüşüme olanak sağlar. 
Atom transfer radikal polimerizasyonu (ATRP), ayrıca metal katalizli radical 
polimerizasyonu olarakta bilinen blok kopolimer sentezlenmesinde yaygın olarak 
kullanılan kontrollü polimerizasyon tekniklerinden biridir. ATRP ismini zincirlerin 
eşit şekilde uzamasını sağlayan atom transfer basamağından alır. Polimer zincirleri 
serbest radikallerin monomerlere serbest radikal polimerizasyonuna benzer şekilde 
katılmasıyla büyür. ATRP sırasında bir serbest radikalde büyüme ve sonlanma 
basamakları olur, bu sonlanma basamağı olduktan sonra zincir tekrar aktif serbest 
radikal haline dönüşür ve büyümeye yani monomere katılmaya devam eder. Bir 
ATRP’nin gerçekleşmesi için ortamda monomer, halojenli bir başlatıcı, ve katalist 
bulunmalıdır. Bunların yanında çözücü, çözücü tipi, ortam sıcaklığı, inert ortam, 
sıcaklık ve konsantrasyon ATRP için çok önemli parametreler arasındadır. ATRP 
yöntemi kullanılarak istenilen molekül ağırlığındaki ve dağılımındaki polimerler 
kontrollü bir şekilde sentezlenebilir. ATRP ile sentezlenen polimer zincirlerinde, 
sonlanmada uç grup  fonksiyonlandırılması yapılabildiğinden, ATRP blok 
kopolimer, aşı polimer ve yıldız polimerlerin sentezi için çok uygundur. 
Homopolimer sentezinde zincir ucundaki fonksiyonel gruplar tekrar ATRP’ye izin 
verebileceğinden, sentezlenen homopolimer makro-başlatıcı olarak kullanılarak 
homopolimer zincirinin uzunluğu arttırılabilmekte ya da başka bir monomer 
kullanılarak blok kopolimerler sentezlenebilmektedir. Bu da ATRP’yi diğer 
polimerizasyon tekniklerine göre avantajlı konuma getirir. 
Nanokompozitler, bir matris içerisinde nanometre büyüklüğünde 
parçacıkların dağılması ile oluşan malzemelerdir. Nanokompozitler boyutlarına göre 
sınıflandırılmak istenilirlerse; nano ebatta kaç boyutu olduklarına bakılır. 
Nanokompozit üç boyutta da nanometrik seviyede ise ‘3 boyutlu’ nanopartiküller 
olarak adlandırılır ve in-situ, sol-gel metodu ile elde edilen kübik silis 
nanopartikülleri buna bir örnek olarak verilebilir. Eğer nanokompozit 2 boyutta 
nanometrik ve diğer boyutta daha büyük boyda ise ‘2 boyutlu’ olarak adlandırılır. 
Selülozik kil kristalleri ve karbon nanotüpler bu tip nanokompozitlere örnek olarak 
verilebilir ve bunlar malzemelerin güçlendirilmesinde nano dolgu malzemesi olarak 
kullanılırlar. Üçüncü çeşit nanokompozit ise sadece tek boyutta nanometrik 
seviyededir. Bu tür nanokompozitlerde dolgu malzemesi bir defter yaprağı gibi 
yalnızca tek bir boyutta nanometrik seviyededir, diğer boyutlarda ise yüzlerce ya da 
binlerce nanometre boyutundadır. Nanokompozitlerin malzemeye getirdikleri 
üstünlükler; modülü arttırması, güçlendirmesi, ısı direncini arttırması, malzemeye 
gaz sızmasını engellemesi, malzemenin yanıcılığını azaltması olarak sıralanabilir. 
Oldukça küçük tanecik boyutu, yüksek spesifik yüzey alanı oluşturarak kompozit 
yapının mekanik özelliklerini geliştirir, bu yüzeyler daha serttirler, oldukça iyi 
yıpranma dayanımına sahiptirler.  
Baroplastik malzemeler henüz yeni bulunmuş malzemelerdir ve farklı topolojileri, 
işlenebilirlik sayıları, katkı maddeleri olarak kullanımları daha önce araştırma 
konusu olmuştur. Literatüre yeni kazandırılmış olan baroplastiklerin özelliklerinin 
geliştirilmesi ve incelenmesi adına birçok çalışma yapılmıştır ve bu çalışmalar 
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devam etmektedir. Bu çalışmada, ATRP yöntemi kullanılarak büyük ölçeklerde 
baroplastik sentezlenip, baroplastiklerin 3 farklı yapıda nanopartiküller ile 
nanokompozitleri oluşturularak, baroplastiğin mekanik, termal, reolojik ve optik 
özellikleri incelenmiştir. Baroplastiğe katılan 3 farklı yapıdaki nanopartikülün 
malzemeye verdiği farklılıklar ve polimer matrisi içindeki davranış farklılıkları 
incelenmiştir.  
Bu çalışmada önce 250g baroplastik özelliği gösteren PS-PEHA-PS tri-blok 
kopolimeri sentezlenmiş, ardından bu malzeme çözücü tekniği kullanılarak önce 
polimer ve nanopartiküllerin ayrı ayrı diklorometan çözücüsünde karışımları 
hazırlanarak daha sonra farklı oranlarda birbirleriyle karıştırılmıştır. Elde edilen 
polimer-nanopartikül karışımları metanol’de çöktürülerek süzülmüş ve 
kurutulmuştur. Kuruyan nanokompozitler oda sıcaklığında bu iş için özel olarak 
tasarlanmış kalıpta ve hidrolik pres kullanılarak sabit basınç altında işlenmiştir. 
Sonuş olarak, kalıbın şeklini alan polimer şeritleri mekanik ve termal testlere tabi 
tutularak farklı nanopartikül ve farklı derişimlerdeki nanokompozitler kıyaslanmıştır. 
Reometri malzemenin belli sıcaklık ve basınç altında akış özelliklerini incelememizi 
sağlayan bir cihazdır ve günümüzde de endüstride malzemelerin işlenebilme 
parametrelerinin aydınlatılmasında önemli rol oynamaktadır. Elde edilen 
nanokompozitler işlenebilirliğinin ve ekstrüd edilebilirliğinin anlaşılabilmesi için 
reometri ölçümleri alınmıştır. Malzemenin, ham maddeden mekanik olarak 
farklılığının incelenmesi amacıyla maddenin dayanımını ölçmek için çekme testleri 
yapılmış ve bu testler sonucunda nanokompozitlerin ham maddeye göre dayanım 
gücünün bir çok nanokompozit için daha yüksek olduğu görülmüştür. 
Nanokompozitlerin termal yönden de ham maddeye göre daha iyi özellikler 
gösterdiği bilinmektedir. Termal kararlılıktaki değişimi incelemek amacıyla 
hazırlanan nanokompozitler termal gravimetrik analiz ölçümlerine tabi tutulmuştur 
ve termal kararlılıklarda çok fazla değişme olmadığı gözlemlenmiştir. Ancak elde 
edilen verilere göre nanokompozitlerin çoğunun basınç altında işlenmesinden sonraki 
termal kararlılıklarının daha yüksek olduğu gözlemlenmiştir. Buradan anlaşılan, 
basınç altında eriyik haline gelen malzemenin nanopariküllerle daha iyi etkileşimde 
bulunduğudur. Baroplastiklerin nanofaz ayrımında bulunan kısmı işlenip kısmen 
karışım fazı oluştuğunda ortaya karışımın camsı geçiş sıcaklığı (Tg,mix) çıkmaktadır. 
Bu özellikteki değişimi incelemek için malzeme DSC ve DMA kullanılarak test 
edilmiştir ve Tg,mix değerlerinin nanopartikül eklenme oranıyla orantılı olarak 
değiştiği görülmektedir. Farklı tipteki nanopartiküllerin polimer matrisi içerisindeki 
duruşlarını, dağılımlarını ve davranış farklılıklarını incelemek amacıyla hazırlanan 
nanopartiküllerin XRD ve SEM kullanılarak özellikleri incelenmiştir. XRD’de çıkan 
sonuçlara göre, üç farklı tipteki nanopartikülün pikinin 2 theta değeri polimer 
matrisinin içinde iken de aynı yerde çıktığından, polimer matrisi nanopartikül 
katmanları aralarına girmemiş ve nanopartikül katmanları polimer matrisi içerisinde 
dağılmamış olduğu anlaşılmaktadır. SEM sonuçları, nanopartiküllerin matris içindeki 
dağılımlarını görülmesine ve nanopartikül şekillerini belirlenmesinde yardımcı 
olarak, kimi nanopartiküllerin yüksek konsantrasyonlarda toplaşarak bir araya 
geldiklerini kiminin ise çok iyi şekilde dağıldığını görtermektedir. Çıkan sonuçlar 
mekanik özelliklerin yorumlanması için de yardımcı olmuştur. 
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1.  INTRODUCTION 
Plastics were first invented in 1860, but have only been widely used in the last 40 
years. Plastics are made up of long chain molecules called ‘polymers’. Polymers are 
both naturally occuring substances, or synthetically synthesized from petrollium 
substances. Because of they are light, durable, mouldable, hygienic and economic, 
they are usefull for a wide variety of applications including food and product 
packaging, car manufacturing, agriculture, house products and many other parts of 
modern life.  
Thermoplastic elastomers (TPE) are composition of glassy outer segments and 
rubbery inner segments. If the ratio of the segments of block copolymer are 
approximate and immiscible, it will have a microphase seperation on morphology 
that can be proved by two glass transition temperatures relative to the elastomeric 
segment and the glassy segment. Heating TPEs to the temperature above their glass 
transition temperature (Tg) can weaken the the rigid region, therefore this kind of 
materials can only be processed at high temperatures by the extrusion or injection 
moulding that this high temperature causes considerible discoloration, loss of 
mechanical performances and degredation. Manufacturing of TPE involves melt 
processing at temperatures that close to melting temperatures (Tm) to extrude 
polymer into mold and obtain desired shape. Thermoplastics, because of they contain 
little or no cross-bonding, soften when heated and harden when cooled. Reaching 
high temperatures during processing greatly limits the recycling of widely using 
polymers. 
As an alternative to melt processing, Mayes et. al. and Acar et. al. had proposed a 
material called ‘baroplastics’ di-block copolymers, core-shell polymer nanoparticles 
and biodegredable block copolymers that can be processed mainly by the application 
of pressure at low/room temperature in place of high temperatures. The processing is 
achieved by exploitting the pressure-induced miscibility of the low Tg and high Tg 
components. The mechanical properties of block copolymers are controlled by 
varying the ratio of the high and low Tg components. Baroplastic properties could be 
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defined as processiblity of polymers to obtain transparent objects when pressure is 
applied to the polymer in the mold, causing the phase seperation of block segments 
that substantially preserves a new mixed phase. Processing baroplastics at room 
temperature provides infinite recycling with same mechanical properties for every 
cycle. 
Block copolymers are useful in many applications where a number of different 
polymers are connected together to yield a material. A block copolymer molecule 
contains two or more polymer chains attached at their ends. Block copolymers, 
which become phase seperated because of immiscibility of the ingredient blocks, are 
the subject of a large interest during the last decades on account of their unique 
morphologies and utility properties. A very big variety of combining chance 
according to their physical and chemical properties provides to obtain controlled and 
desired materials.  
Nowadays, controlled compositions, topologies, functionalities and molecular 
weights are the main research area in the polymers synthesis. Controlled 
polymerization provides the best opportunity to control and combine material 
properties. Atom Transfer Radical Polymerization (ATRP) is one of the succesfull 
method to synthesize polystyrenes, polyacrylates and a variety of monomer groups 
by controlling manner and obtaining high yields. 
Generally, fillers can be defined as finely divided particles that are often used to 
enhance the performance and various desirable properties of the material, depending 
on a typical application. Nanocomposites are composites that are particle filled 
polymers which at least one dimension of the dispersed particle is in the nanometer 
range. Nanoparticles can be divided to three types depending on the how many 
dimensions of the particle is in nanometer range. Properties of nanocomposites can 
indeed be tailored by changing the volume fraction, shape, and size of the filler 
particles.  
The aim of this work is to observe mechanical and thermal properties of 
nanoparticle-baroplastic nanocomposites with three different types, ratios of 
nanoparticle filled nanocomposites and processibility of different nanoparticle filled 
baroplastics. 
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2.  THEORETICAL PART 
2.1 Plastics 
Plastics have been introduced to the public in the early of 19. Century. Most of the 
basic materials which were implemented in everyday life have been known from the 
earliest times. Wood, stone, metals, glass, clay, ceramics, animal skins and vegatable 
fibers were much used ones. Some of these materials occur naturally but some of 
them like metal and glass are converted from raw materials by using chemicals. 
Plastics are essentially pruducts of this century. The term ‘plastic’, derived from the 
Greek word ‘plastikos’ actually applies to any pliable substance that can be shaped or 
moulded. Most of the plastic materials used today have been developed within the 
last 50 years. Today’s plastics are generally made in industries from salt, water 
petrolium or coal. Here is a timeline of plastics given in Table 2.1. 
Table 2.1 : Timeline of plastics. 
Years Advanced Polymers 
1909-1920 Phenol-formaldehyde 
1920-1930 Urea-formaldehyde, PVC 
1930-1940 Acrylics, PVA, nylon, PS, melamine-formaldehyde 
1950-1960 Polyesters, PE, silicones, epoxy, ABS 
1950-1960 Polyurethane, polypropylene 
Since 1960 many new and more specialized plastics have been developed, and list of 
plastics continue to grow up [1]. 
2.2 Thermoplastic Elastomers 
The thermoplastic elastomers (TPEs) concern large industrial and commercial fields, 
as well as academic and applied research. Often the TPEs are considered as being 
only an important part of the block copolymers, but they are present in many other 
polymeric materials. They are characterized by a set of properties inherent to block 
and graft copolymers, different blends, and some vulcanized materials. More than 
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7000 chemical abstracts entries directly concern TPEs and in about 12500 other 
publications they are closely associated to other issues [2].  
Since the commercial introduction of thermoplastic elastomers (TPEs) in the late 
1960s, about 50 manufacturers of different sizes have entered the field. 
Thermoplastic polyurethanes (TPUs) were the first TPEs used in the United States 
and their main applications were automotive exterior parts (bumpers) and shoe soles. 
Styrenic block copolymers gained rapidly market shares from TPUs in footwear and 
also established themselves in adhesives and sealants. Olefinics (TPOs) replaced 
TPUs in automotive sight shields and filler panels and were accepted in wire and 
cable industry and in hose.  
Most TPEs are essentially phase-separated systems. Usually, one phase is hard and 
solid at ambient temperature whereas the other is an elastomer. Often, the phases are 
bonded chemically by block or graft polymerization. The hard phase gives these 
TPEs their strength and represents the physical crosslinks. Without it the elastomer 
phase would be free to flow under stress and the polymer would be practically 
unusable. On the other hand, the elastomer phase provides flexibility and elasticity to 
the system. The individual polymers constituting the respective phases retain most of 
their characteristics so that each phase exhibits its specific glass transition 
temperature (Tg) or crystalline melting temperature (Tm). These two temperatures 
determine the points at which the particular elastomer goes through transitions in its 
physical properties. An example of this is in Fig. 2.1, which represents the 
measurement of flexural modulus over a wide range of temperatures. There are three 
distinct regions:  
a) At very low temperatures, that is, below the glass transition of the elastomeric 
phase, both the phases are hard, so the material is stiff and brittle. 
b) Above the Tg temperature, the elastomeric phase softens and the material is 
elastic.  
c) As the temperature increases, the modulus stays relatively constant until the 
point where the hard phase softens or melts. At this point the material 
becomes a viscous fluid. 
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Figure 2.1 : Stiffness of typical thermoplastic elastomers. 
From these findings, it is obvious that the service temperature range lies between the 
Tg of the elastomeric phase (lower service temperature) and the Tg or Tm of the hard 
phase (upper service temperature). The exact values depend on the service conditions 
of the final product, for example, the amount of hardening that will be tolerated in 
the final product or the amount of stress applied. Thus, often the actual lower service 
temperature will be higher than Tg of the elastomer and the actual upper service 
temperature will be lower than the Tg or Tm of the hard phase.  
TPEs offer a variety of advantages over conventional thermoset (vulcanized) rubber 
materials, such as simpler processing with fewer steps since TPEs use the processing 
methods for thermoplastics, which are typically more efficient and significantly less 
costly so the final cost of the finished part is lower. Shorter fabrication times, which 
also lead to lower finished part costs. Since molding cycles for TPEs are typically 
several seconds as opposed to minutes for thermoset rubbers, the productivity of the 
given equipment is greatly increased. There is little or no compounding. The 
majority of TPEs is supplied fully formulated and ready for fabrication. The 
possibility of reusing scrap in the same fashion as with thermoplastics. The scrap 
from thermoset rubbers is very often discarded. Its amount generated may be in some 
cases comparable to the weight of the molded part. The TPE scrap can be reused as a 
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regrind frequently producing materials having the same properties as the virgin 
material [3]. 
2.2.1 Baroplastics 
A novel plastic that can be processed by pressure at low temperetures called 
‘baroplastic’. Due to pressure-induced fractional miscibility between immiscible 
polymer phases so baroplastics can be processed at ambient temperatures [4]. Several 
types of baroplastics have been developed. First, core-shell polymer nanoparticles 
that consist of uncrosslinked polybutyl acrylate (PBA) or poly 2-ethyl hexyl acrylate 
(PEHA) cores and polystyrene (PS) shells synthesized by sequential emulsion 
polymerization, then block copolymers of PS/PBA and PS/PEHA synthesized by 
atom transfer radical polymerization (ATRP) and last biodegradable block 
copolymers synthesized by the sequential ring-opening polymerization of lactones 
and lactides. The processing is achieved by exploitting the pressure-induced 
miscibility of the low and high Tg segments. The mechanical properties of 
baroplastics are controlled by changing the ratio of the high and low Tg segments. If 
one can use higher PS ratios,  more rigid and fragile material can be obtained, lower 
PS ratios causes more elastic and tough baroplasic materials. The transparency of the 
processed baroplastic materials and their shape proves that the copolymer undergoes 
melt under applied pressure and takes the shape of the mold (Figure 2.2) [5]. 
 
Figure 2.2 : a) Unprocessed and b) processed baroplastic material. 
As mentioned before, melt processing of polymers require high temperatures, high 
energy and high costs even in melt process materials are conducted through mold by 
applying pressure. Achieving high energy causes degredation and inhibits the 
recycleability of materials that material shows lower mechanical properties. 
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Researches implemented by our group showed that no degredation has been occured 
after recycling 20 times of baroplastic material in mold. By processing and recycling 
processes, baroplastic block copolymer shows a Tg,mix value between hard and soft 
segment Tg’s. It shows that each process causes the participation of ordered PEHA to 
the mixed phase partially, instead of totally mixing by first process. Tg,mix for mixed 
state can be calculated by the Fox equation [6]. 
 
(2.1) 
Where ω is the mass fraction, Tg,A and Tg,B are the Tg of the each segments in the 
block copolymer. 
It also calculated that under the agreement of persistent transformation of blocks 
from ordered to disordered phase for a single sample processed repeatedly and 
maximum recycling times have been found 173 by our group for representative 
sample. The mixed phase occured after process can be converted to the ordered 
phase by annealing, so by this way baroplastics can be recycled infinitively [7]. 
As a result, baroplastic materials can procure many advantages over current plastics, 
for example saving energy because of low processing temperatures, reduced thermal 
degradation, good optical and mechanical properties after first processing and infinite 
recycling. 
2.3 Block Copolymers 
Block copolymers are a particular class of polymers that belong to a wider family 
known as soft materials that, independent of the procedure of synthesis, can simply 
be considered as being formed by two or more chemically homogeneous polymer 
blocks attached together by covalent bonds. If A and B are suggested as different 
homogeneous polymers, AB is a linear di-block and ABA is a linear tri-block 
copolymer examples, number and order of the blocks can be alternate so many 
examples could be found (Figure 2.3). 
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Figure 2.3 : Common block copolymer architectures. 
Various areas of polymer science are thus concerned with block copolymers, from 
the molecular design of active species in macromolecular chemistry and 
macromolecular engineering, the physics of block copolymers in bulk or in solution 
to their use as specialty polymers in new applications. This also includes 
comprehensive theoretical and computational studies to predict the morphological 
behavior of block copolymers possessing incompatible blocks. For all these reasons, 
block copolymers have been investigated extensively in recent decades from both 
practical and theoretical aspects [8]. 
 
Figure 2.4 : Schematic representation of a SBS tri-block copolymer. 
Styrenic block copolymers are based on simple molecules of the type ABA, where A 
is polystyrene and B is an elastomeric segment. The most common structure of 
styrenic block copolymers is that where the elastomeric segment is a polydiene, such 
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as polybutadiene or polyisoprene. The more available and more widely used 
nomenclatures for these Styrenic block copolymers are SBS and SIS, S being 
styrene, B butadiene, and I isoprene. Materials with this structure form two separated 
phase systems, which are very different from the corresponding random copolymers. 
These two phases retain many of the properties of the respective homopolymers and 
the copolymer exhibits two Tg unlike random copolymers, which exhibit a single 
intermediate Tg [3]. 
2.3.1 Synthesis of block copolymers 
In recent decades, advances in polymer chemistry through the development of 
controlled/living polymerization (CLP) techniques [9] have actually permitted block 
copolymers to be arranged in miscellaneous architectures, including not only linear, 
but also branched structures [10]. CLP techniques also provides to synthesize all 
types of block copolymers and certain conditions are fulfilled so as to obtain 
chemically pure materials. Both the chemical structure and the overall composition 
of the blocks can be manipulated by using CLP techniques. In addition, control of the 
chemistry allows the introduction of specific functions which are used to direct the 
self-assembly process and control the highly ordered mesostructures can be obtained. 
These, allows the tailoring of block copolymers with supplementary properties for 
the ultimate applications for example; hard/soft, crystallizable/amorphous, 
hydrophilic/hydrophobic, organic/inorganic, etc.  
Among the linear block copolymers, AB diblock and ABA triblock copolymers 
consisting of only two components are the two most studied structures, triblock 
systems are the most developed block copolymers industrially [11]. 
2.3.2 Controlled/living radical polymerization 
The discovery of living anionic polymerization by Michael Szwarc had a tremendous 
effect on polymer science. He simplified major developments in both synthetic 
polymer chemistry and polymer physic of well-defined polymers. The synthesis of 
such copolymers by living CLP polymerization demands fast initiation and relatively 
slow propagation in order that the distribution of block lengths be controlled [12]. 
Radical polymerization is a commercially widely used method. The commercial 
extensity of RP can be attached to the large range of monomer selection, their easy 
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copolymerization, the ready reaction conditions (generally room temperature to 100 
°C, ambient pressure), and easy purification of monomers and solvents. Radical 
polymerization is not affected by water or protic impurities and can be carried out in 
bulk, solution, aqueous suspension, emulsion and dispersion. The range of monomers 
is large for radical polymerization than because radicals are tolerant to many 
functionalities like acidic, hydroxy, and amino groups [13]. 
Nevertheless, radical polymerization has some limitations comparing to controlled 
radical polymerization. For a polymerization to be considered ‘living’, the 
contribution of chain breaking reactions such as termination and transfer should be 
negligible. While transfer is not a major issue in RP when the appropriate conditions 
are applied, termination is much less avoidable and is a major limitation of RP. To 
form high molecular weight (MW) polymers, the relative probability of termination 
must be minimized. In RP, a steady concentration of radicals is established by 
balancing the rate of termination with that of initiation. The rate of propagation is 
much faster than the rate of initiation/termination. Therefore, chains are continuously 
produced and it is not possible to prepare copolymers with controlled architecture in 
conventional RP. Thus, it has not been possible to prepare well-defined copolymers 
via conventional RP.  
The most important achievement of the controlled/living polymerization methods is 
the synthesis of tailor-made block copolymers with specific macromolecular 
architecture, chemical composition, functionality, and low molecular polydispersity.  
The most straightforward method for the preparation of linear di- and tri-block 
copolymers is by the CLP of monomer A followed by the polymerization of 
monomer B. After consumption of monomer B, the chains are terminated by some 
external agent. 
Commonly in all CLP systems, there are two types of dynamic equilibrium between 
propagating radicals and various dormant species [14]. Radicals may be reversibly 
trapped in a deactivation/activation process, or they can be involved in a 
degenerative exchange process. Good control over MW, polydispersity, and chain 
architecture in all CLP systems requires very fast exchange between active and 
dormant species. A growing radical should react with only a few monomer units 
before it is converted back into a dormant species. Finally, it would remain active 
only for a few milliseconds and would return to the dormant state for a few seconds.  
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Thus, the lifetime in the active state can be comparable to the lifetime of a 
propagating chain in conventional RP. However, because the whole propagation 
process in CRP may take about hours or days, the opportunity exists to carry out 
various synthetic procedures, such as functionalization or chain extension [15]. 
As RP and CRP proceed via the same radical mechanism, they exhibit similar 
chemical, regional, and stereoselectivities and can polymerize a similar range of 
monomers. If RP and CRP are carried out with the same rate of monomer and 
initiator, the absolute amounts of terminated chains are similar, because 
concentrations of radicals are similar. However, in RP essentially all chains are dead 
but in CRP dead chains form only a small fraction because of a large amount of 
dormant species. After all, several important differences between CRP and RP exist 
and are summarized in Table 2.2; 
Table 2.2 : Differences between RP and CRP. 
  RP CRP 
The lifetime of growing 
chains ~1 second >1 hours 
Steady state radical 
concentration 
Established with similar 
rates of initiation and 
termination 
Balancing with the rates of 
activation and deactivation 
   Initiation Slow Fast 
Rate of dead chains >90 % <10 % 
Polymerization Fast Slow 
Termination Between long chains Controlled termination 
Chain end functionality Unavailable Available 
Molecular weight 
distribution Broad Narrow 
2.3.2.1 Atom transfer radical polymerization (ATRP) 
ATRP originates in atom transfer radical addition (ATRA) reactions, which target 
the formation of 1:1 adducts of alkyl halides and alkenes, which are also catalyzed by 
transition metal complexes [16]. 
It was first reported in the 1940s in which halogenated methanes were directly added 
to olefinic bonds in the presence of radical initiators or light. Today, this reaction is 
known as the Kharasch addition or atom transfer radical addition (ATRA). In 1960s, 
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several groups began to investigate the use of transition metal complexes which,  Cu, 
Fe, Ru and Ni were found to be particularly active to catalyze ATRA [17]. 
In 1995, a new class of controlled/‘‘living’’ radical polymerization method was 
reported independently by the groups of Matyjszewski [18] and Sawamoto [19]. This 
new process named atom transfer radical polymerization (ATRP), has had a 
tremendous impact on the synthesis of macromolecules with well-defined 
compositions, architectures and functionalities.  ATRP is mechanistically similar to 
ATRA with the exception that the reaction conditions are modified in such a way 
that more than one addition step occurs. The name atom transfer radical 
polymerization (ATRP) comes from the atom transfer step, which is the key 
elementary reaction responsible for the uniform growth of the polymeric chains. 
Similarly to ATRA, a copper(I) complex is responsible for a homolytic cleavage of 
an alkyl halide bond (RX) to generate a corresponding copper(II) complex and an 
organic radical. Complexes of copper have been found to be the most efficient 
catalysts in the ATRP of a broad range of monomers in various media.  ATRP was 
developed by designing a proper catalyst (transition metal compound and ligands), 
using an initiator with an appropriate structure, and adjusting the polymerization 
conditions, such that the molecular weights increased linearly with conversion and 
the polydispersities were typical of a living process [20].  
A general mechanism for ATRP shown in Figure 2.5. The radicals, or the active 
species, are generated through a reversible redox process catalyzed by a transition 
metal complex (Mt n-Y/Ligand, where Y may be another ligand or the counterion) 
which undergoes a one electron oxidation with concomitant abstraction of a (pseudo) 
halogen atom, X, from a dormant species, R-X. This process occurs with a rate 
constant of activation, kact, and deactivation kdeact. Polymer chains grow by the 
addition of the intermediate radicals to monomers in a manner similar to a 
conventional radical polymerization, with the rate constant of propagation kp. 
Termination reactions (kt) also occur in ATRP, mainly through radical coupling and 
disproportionation; however, in a well-controlled ATRP, no more than a few percent 
of the polymer chains undergo termination. Other side reactions may additionally 
limit the achievable molecular weights. 
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Figure 2.5 : Mechanism of ATRP. 
Typically, no more than 5% of the total growing polymer chains terminate during the 
initial, short, nonstationary stage of the polymerization. This process generates 
oxidized metal complexes, X-Mtn+1, as persistent radicals to reduce the stationary 
concentration of growing radicals and thereby minimize the contribution of 
termination. A successful ATRP will have not only a small contribution of 
terminated chains, but also a uniform growth of all the chains, which is accomplished 
through fast initiation and rapid reversible deactivation. As a multicomponent 
system, ATRP is composed of the monomer, an initiator with a transferable 
(pseudo)halogen, and a catalyst (composed of a transition metal species with any 
suitable ligand). Sometimes an additive is used. For a successful ATRP, other 
factors, such as solvent and temperature, must also be taken into consideration [21].  
A variety of monomers have been successfully polymerized using ATRP. Typical 
monomers include styrenes, (meth)acrylates, (meth)acrylamides, and acrylonitrile, 
which contain substituents that can stabilize the propagating radicals [22]. Ring-
opening polymerization has been also successful. Even under the same conditions 
using the same catalyst, each monomer has its own unique atom transfer equilibrium 
constant for its active and dormant species. In the absence of any side reactions other 
than radical termination by coupling or disproportionation, the magnitude of the 
equilibrium constant (Keq), (kact/kdeact) determines the polymerization rate. ATRP will 
not occur or occur very slowly if the equilibrium constant is too small. In contrast, 
too large an equilibrium constant will lead to a large amount of termination because 
of a high radical concentration. This will be accompanied by a large amount of 
deactivating higher oxidation state metal complex; which will shift the equilibrium 
toward dormant species and may result in the apparently slower polymerization [23]. 
Each monomer possesses its own intrinsic radical propagation rate. Thus, for a 
specific monomer, the concentration of propagating radicals and the rate of radical 
deactivation need to be adjusted to maintain polymerization control. However, since 
ATRP is a catalytic process, the overall position of the equilibrium not only depends 
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on the radical (monomer) and the dormant species, but also can be adjusted by the 
amount and reactivity of the transition-metal catalyst added. 
Other control parameter initiator in ATRP is to form an initiating radical species via 
homolytic cleavage of its labile bond such as C-halogen by the metal catalysts. In 
most cases, the dissociated halogen or its equivalent is subsequently reattached to the 
propagating radical chain end to give a dormant species. The initiator is thus chosen 
so that the initiation occurs fast and is quantitative, with the dormant polymer chain 
end being stable during the polymerization. This means that the initiator should be 
carefully selected in accordance with the structure and reactivity of the monomers 
and metal complexes. Most of the initiators thus far successfully employed are 
organic halides with a potentially active carbon-halogen bond, which can easily 
generate a radical species through electronic and steric effects of their substituents. 
These organic halides therefore possess surplus halogens or conjugated substituents 
such as allyl, aryl, carbonyl, and cyano groups for stabilization of the generated 
radical species by the inductive and/or resonance effects. However, in some cases, an 
extensive stabilization of the initiating radical may disturb its addition to the 
monomer and thus result in slow initiation, which causes uncontrolled molecular 
weights and/or broad MWDs. An organic halide, the structure of which is similar to 
that of the dormant chain end of the polymer, is preferentially used so that the 
activity of the carbon-halogen bond in the initiator is similar to that of the dormant 
polymer terminal [20].  
Perhaps the most important component of ATRP is the catalyst. It is the key to 
ATRP since it determines the position of the atom transfer equilibrium and the 
dynamics of exchange between the dormant and active species. There are several 
prerequisites for an efficient transition metal catalyst. The metal center must have at 
least two readily accessible oxidation states separated by one electron and should 
have reasonable affinity toward a halogen. The coordination sphere around the metal 
should be expandable on oxidation to selectively accommodate a pseudo halogen. 
The ligand should complex with the metal relatively strongly. Eventually, the 
position and dynamics of the ATRP equilibrium should be appropriate for the 
particular system. To differentiate ATRP from the conventional redox-initiated 
polymerization and induce a controlled process, the oxidized transition metal should 
rapidly deactivate the propagating polymer chains to form the dormant species.  The 
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main roles of the ligand in ATRP is to solubilize the transition metal salt in the 
organic media and to adjust the redox potential and halogenophilicity of the metal 
center forming a complex with an appropriate reactivity and dynamics for the atom 
transfer. The ligand should complex strongly with the transition metal. It should also 
allow expansion of the coordination sphere and should allow selective atom transfer 
without promoting other reactions [24].  
ATRP can be carried out either in bulk, in solution, or in a heterogeneous systems. 
Various solvents, such as benzene, toluene, anisole, diphenyl ether, ethyl acetate, 
acetone, dimethyl formamide (DMF), ethylene carbonate, alcohol, water, carbon 
dioxide, and many others, have been used in the polymerization of different 
monomers. A solvent is sometimes necessary, especially when the polymer is 
insoluble in its monomer. 
When a polymer chain contains an end group with an activated halogen atom, it can 
be used as ATRP initiator, or rather as a macroinitiator. Macroinitiators have been 
prepared via different methods, including cationic, anionic, coordination, 
conventional radical, and even polycondensation processes. They will be discussed 
in detail together with mechanistic transformations. ATRP initiators and 
macroinitiators have also been immobilized on surfaces leading to a uniform growth 
of the chains from both flat and spherical surfaces. Chain-End Functionality One of 
the criteria for the ‘‘livingness’’ of polymers synthesized by ATRP is the 
preservation of end groups throughout the polymerization. 1H NMR and MALDI 
have been used to verify the presence of the carbon–halogen bond in polymers 
prepared by ATRP, since essentially every chain contains a halogen atom at its head 
group, if termination and transfer are absent. This halogen atom can be replaced 
through a variety of reactions leading to end-functional polymers. Because of the 
increasing concern over the presence of halogens in the environment, the first 
consideration may be removal of those species from the chain ends after the 
polymerization is completed. A common method of dehalogenation of organic 
compounds, reaction with trialkyltin hydrides, was applied to polymers prepared by 
ATRP. Replacing tributyltin hydride in this reaction with allyl tri-n-butylstannane 
produced polymers with allyl end groups. 
Shortly after the discovery of ATRP, it was recognized that the ability to polymerize 
a wide variety of monomers, with conservation of end groups and control over 
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molecular weights and polydispersities, could facilitate the synthesis of block 
copolymers. The first example of such a reaction was the synthesis of poly(methyl 
acrylate)-b-polystyrene and polystyrene-b-poly(methyl acrylate). However, since 
ATRP is a complex multicomponent system, it is important to understand and to 
consider all of its components to make full use of this methodology and find the 
optimum polymerization conditions for the preparation of specific materials for 
particular applications. This understanding will allow ATRP processes to continue to 
evolve and provide lower cost commercially viable systems. A spectrum of physical 
properties will be developed for the expanded range of materials prepared by CRP to 
allow industry to target products to meet the requirements of specific applications. A 
detailed knowledge of the structure and interactions of the involved reagents, and 
correlation between their configuration and reactivity, is needed. The desired level of 
information on rate constants of propagation and termination is presently available 
for only a few monomers from PLP measurements. Precise information on the 
variation of the rate coefficients of termination with chain length and viscosity must 
be obtained to properly model ATRP and other CRP processes. Precise activation 
and deactivation rate constants should be measured for many catalytic systems under 
different conditions (monomer, solvent, temperature for both model and 
macromolecular systems), since only preliminary information on dynamics of atom 
transfer equilibria is currently available [16]. 
In summary, ATRP is a valuable tool for the design and synthesis of novel materials 
for numerous applications. They can be prepared under facile reaction conditions, 
using a multitude of available polymerizable monomers, with accessible chain 
functionalities. The types of copolymers produced by ATRP will be limited only by 
the imagination of those generating the materials. 
2.4 Nanocomposites 
Composite materials are solids resulting from the combination of two or more simple 
materials that develop a continuous phase (polymer, metal, ceramic, etc.), and a 
dispersed phase such as glass fibres, carbon particles, silica powder, clay minerals, 
etc. In addition they have properties that are essentially different from the 
components taken separately. Within the vast collection of inorganic-organic hybrid 
materials, nanocomposites are an emerging group that received a great deal of 
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attention not only because of their potential in industrial applications but also from 
their fundamental point of view. A defination for nanocomposites is that the 
dispersed particles have at least one dimension in the nanometer range. 
Nanocomposites are usually classified according to the number of the nano-
dimensions of the nanoparticle Figure 2.6 [25]. 
Dimensions Shape Examples 
 
Figure 2.6 : Dimensionality in fine particles used as fillers in nanocomposites. 
Clay minerals are hydrous aluminum silicates and are generally classified as 
phyllosilicates, or layered silicates. Framework layers of natural clays are generated 
by a combination of tetrahedral and octahedral sheets. A natural stacking of 
tetrahedral and octahedral sheet occurs in the specific ratios and modes, leading to 
the formation of the 2:1 layer silicates. The phyllosilicate 2:1 layer clays include 
mica, smectite, vermiculite, and chlorite. Smectite group can be further divide into 
montmorillonite (MMT), nontronite, saponite and hectorite species [26].  
Among the layered silicates, MMT is particularly attractive as reinforcement for the 
polymer-clay because it is environmentally friendly, readily available in large 
quantities with relatively low cost and its intercalation chemistry is well understood. 
The Na-MMT clay is hydrophilic and expands the interlayered spaces readily when 
immersed in water. The space between the silicate layers depends greatly on the 
length of the alkyl chain and the ratio of cross-sectional area to available area per 
cation [27]. The potential applications of organoclay as an effective reinforcement 
for polymers have prompted many researchers to investigate its structural behavior. 
Most of the researches reported in the literature on clay nanocomposites has focused 
on plateled-like clays, such as MMT. Sepiolite is a needle-like-shaped type of clay 
18 
that is used in nanocomposites also. Needle-like-shaped nanofiller can be more easily 
dispersed in polymeric matrices because of its lower specific surface area compared 
with platelet-like clays of the same aspect ratio. The relatively small contact surface 
and hence the reduced tendencies to agglomerate, could then lead to a better 
mechanical reinforcement of needle-like clays [28]. Sepiolite is a hydrated 
magnesium silicate and is part of the phyllosilicate mineral family. It is formed of 
blocks structurally similar to layered clay minerals like MMT composed of two 
tetrahedral silica sheets and a central octahedral sheet containing Mg [29].  
Although various inorganic materials are available in a form of nano-particles, silica 
is famous in its chemical stability, high surface area, and easy availability. Therefore, 
nanocomposites containing silica, especially silica gel, have attracted a great deal of 
attention [30]. 
2.4.1 Preparation of Nanocomposites 
Smectites could form nanocomposites using one of the three preparation methods; 
direct incorporation of the polymers, in situ polymerization of the monomers and 
template synthesis of clay minerals. The clay mineral selected to prepare 
nanocomposites can occur in different forms such as powder, films, colloidal 
dispersion in water or in other polar liquids [31]. Polar polymers like PVA, PEG 
[32], PVP [33], PEO [34] and chitosan [35] that can be directly intercalated into 
smectites from solutions of the polymers in polar solvents like water or alcohols. The 
intercalation mechanism is based on for each case on the formation of hydrogen 
bonds between hydroxyl groups or the oxyethylene groups of the polymers with the 
clay surface. 
The technique of melt intercalation of polymers into clays, is considered as one of 
the major practical steps forward in the field of nanocomposite preparation [36]. In-
situ polymerization consists of the intercalation of monomers as pioneer species, 
followed by their polymerization inside the interlayer space of the clay mineral. 
Template synthesis is based on the in-situ hydrothermal crystallization of gels from a 
mixture of silical, magnesium hydroxide, LiF and selected water-soluble polymers in 
solution. 
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2.4.2 Mechanical properties of nanocomposites 
One of the primary reasons for adding fillers to polymers is to improve their 
mechanical performance. For  example, the addition of high-modulus fillers 
increases the modulus and the strength of a polymer [36]. Well-dispersed nanofillers, 
can improve the modulus and strength and maintain or even improve ductility 
because their small size does not create large stress concentrations. Mechanical 
properties of polymer–clay nanocomposites are highly related to their microstructure 
which in turn is directly related to the exfoliation and dispersion of clay platelets in 
the polymer matrix. The dispersion of clay platelets in the molten polymer depends 
on thermal diffusion of polymer molecules in the galleries and on the mechanical 
shearing action [37]. Thermal diffusion is favored by modifying the clay surfaces 
with appropriate organic surfactants, rendering the galleries more compatible with 
the polymer molecules. Good dispersion of the clay platelets in the polymer matrix 
generally yields enhanced Young’s modulus, storage modulus and tensile strength, 
but significantly reduced tensile ductility and impact strength compared to neat 
polymer [38]. The increase in the tensile strength is higher at low clay content, 
indicating that the clay layers are better exfoliated. The reinforcing effect is lower for 
nanocomposites with higher clay content owing to some clay platelets being partially 
exfoliated and stacked.   
The polymer–clay nanocomposites exhibit extremely large interface due to the 
confinement of polymer chains within the galleries of clay platelets of large surface 
area per unit volume. It is considered that the confinement of polymer–clay 
interactions would affect the local chain dynamics to a certain extent. Since several 
chemical and physical interactions are governed by surfaces, polymer–clay 
nanocomposites can have substantially different properties from conventional 
polymer microcomposites [36]. A key issue arises whether the composite mechanics 
theories of reinforcement can be applied to explain the mechanical and fracture 
toughness properties of polymer–clay nanocomposies. 
2.4.3 Modulus 
The specific role of the clay/polymer interface in controlling the modulus is 
becoming clearer in recent years. Plate-like fillers can increase the modulus of a 
polymer significantly. If nanoclay carries load; for example, as the aspect ratio of the 
20 
clay layers increases, the modulus increases. Some researches show that  the stiffness 
of the clay layers affects the modulus [39]. It is not clear if the modulus increase 
caused by the type of interaction and/or the ionic strength is due to an increase in the 
interfacial shear stress (the load-bearing efficiency of the clays), the ability of the 
clay to constrain the polymer, or increases in the degree of crystallinity. These effects 
are all related.  
The addition of rigid micrometer-scale fillers to a polymer often increases its 
strength. Well-dispersed nanoparticles are much smaller than the critical crack size 
for polymers and need not initiate failure. Thus, they provide an avenue for 
simultaneously toughening and strengthening polymers [40]. Many researches report 
an optimum volume percent of filler and claim that the decrease in strain-to-failure 
ratio above the optimum is due to agglomeration [41]. If the interaction between 
nanoparticle/polymer is weak, then the nanoparticles act as voids that causes yielding 
[42]. 
2.4.4 Glass transition temperature (Tg) 
The glass transition temperature (Tg) is the temperature below which molecules have 
little relative mobility. When the polymer is cooled below the glass transition 
temperature (Tg), it becomes hard and brittle, like glass. Some polymer are used 
above their glass transition temperature, and some are used below. Hard plastics like 
polystyrene and poly(methyl methacrylate) are used below their glass transition 
temperature; that is in their glassy state. Their are well above room temperature both 
at around 100 °C. Rubber elastomers like polyisoprene and polyisobutylene, are used 
above their Tg’s, that is, in the rubbery state, where they are soft and flexible [43]. 
The interaction of the polymer with the nanoparticles gives significant opportunity 
for changing the polymer mobility and relaxation dynamics. Polymer/clay interaction 
plays a significant role in controlling mechanical behavior is that the improvement in 
properties tends to be higher above the Tg than below it [40]. A strong clay/polymer 
interaction affords more opportunity for immobilization above Tg than below Tg. 
2.4.5 Rheology 
Rheology is the study of the deformation of materials. This includes the elastic 
deformation of solids such as metals as well as in the viscous behavior of fluids such 
21 
as water or oil. There is a wide range of materials that exhibit both a viscous and an 
elastic response two and applied force, and polymers fall into this group. Rheology 
studies the relationship between force and deformation in the material. To investigate 
this phenomenon both force and deformation must able to be measured quantitavily. 
Steady simple shear is the simplest mode of deforming a fluid. It allows simple 
defination of stress, strain, and strain rate, and a simple measurement of viscosity. 
The following Greek symbols are used in the field of rheology: γ (gamma): shear 
strain, (gamma dot): shear rate, τ (tau): shear stress, η (eta): viscosity [44]. 
One remarkable property of polymeric liquids is their shear-thinning behavior (also 
known as pseudo-plastic behavior). Increasing the rate of shearing (i.e.,extrude faster 
through a die), maintains to the viscosity become smaller. This reduction of viscosity 
is due to molecular allignment and this entaglament of the long polymer chains. As 
one author said in a recent article: ‘polymers love shear’ [45]. The higher the shear 
rate, the easier it is to force polymers to flow through dies and process equipment. 
Low shear rate on a die wall implies slow movement of the polymer melt over the 
metal surface.  
Rheological measurements can be used for material characterization, determination 
of processability, and as input data for computer simulation. With carefull 
rheological measurement, it is possible to determine whether, or under what 
conditions, a material will be processable [46]. 
A capillary was the first rheometer, and this device remains the most common 
method for measuring viscosity. Gravity, compressed gas, or a piston is used to 
generate pressure on the test fluid in a reservoir. A capillary tube of radius and length  
is connected to the bottom of the reservoir. Pressure drop and flow rate through this 
tube are used to determine viscosity [47].  
The molten polymer is held in a cylindirical reservoir and heated to the desired 
temperature. A motor-driven piston is used to force the material down the barrel and 
through the die, with the flow rate determined by the speed of the piston. Once the 
pressure has reached equilibium it is noted, and the piston speed may be changed to 
measure the material at a different rate. A capillary scheme is shown in Figure 2.7. 
 
22 
 
Figure 2.7 : A schematic for capillary rheometer. 
The important parameters in measurements to be controlled and/or measured are the 
temperature, pressure (or force on the piston), the material flow rate (calculated from 
the piston speed and the barrel cross section), and the die geometry [44]. Before 
running tests on a nanocomposite sample, a number of parameters must be chosen 
for the instrument. These include test temperature, shear rate ranges, and the die and 
pressure transducer selections. Temperatue is one of the most important parameters 
to be specified, as viscosity is a strong function of temperature. The temperature 
must be high enough to melt the sample completely and low enough that the sample 
will not degrade during test. Before selecting a die or transducer, the desired shear 
rate range for the flow curve must be determined. The process for which the material 
is intended usually determines this parameter [47]. 
Depending on whether somebody wants to determine ‘pure’ rheological properties or 
rather processing behavior in technologies with strong elongation flow component 
the choice of an ‘appropriate’ measuring technique will have to be different. 
Generally, the appropriate range of deformation or load will have to be used in 
obtaining the relevant parameters for a given process. 
As a result, the capillary rheometer is a versatile and robust instrument. Easily 
interchangeable transducers and dies give the instrument the flexibility to study a 
wide range of materials over a wide range of shear rates, especially high-shear-rate 
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ranges. It can handle tough materials at the temperatures, presures, and flow rates 
typically found in high-performance plastics processes. The viscosity curve that the 
instrument produces finds many practical applications in quality control, process 
design, and troubleshooting, as well as in the study of the material properties 
themselves [48]. 
2.4.6 X-Ray diffraction 
X-ray diffraction is a physical phenomenon as well as an experimental method for 
the characterization of materials. At the heart of any XRD machine is the X-ray 
source. Modern day machines generally rely on copper metal as the element of 
choice for producing X-rays, although there are variations among different 
manufacturers. Another crucial component to the analysis of crystalline via X-rays is 
the detector. Since the origins of XRD, detection methods have progressed to the 
point where modern XRD machines are equipped with semiconductor detectors, 
which produce pulses proportional to the energy absorbed. With these modern 
detectors, there are two general ways in which a diffraction pattern may be obtained. 
The first is called continuous scan, and it is exactly what the name implies. The 
detector is set in a circular motion around the sample, while a beam of X-ray is 
constantly shot into the sample. Pulses of energy are plotted with respect to 
diffraction angle, which ensure all diffracted X-rays are recorded. The second and 
more widely used method is known as step scan. Step scanning bears similarity to 
continuous scan, except it is highly computerized and much more efficient. Instead 
of moving the detector in a circle around the entire sample, step scanning involves 
collecting data at one fixed angle at a time, thus the name. Within these detection 
parameters, the types of detectors can themselves be varied. A more common type of 
detector, known as the charge-coupled device detector, can be found in many XRD 
machines, due to its fast data collection capability. A charge-coupled device detector 
is comprised of numerous radiation sensitive grids, each linked to sensors that 
measure changes in electromagnetic radiation. Another commonly seen type of 
detector is a simple scintillation counter, which counts the intensity of X-rays that it 
encounters as it moves along a rotation axis. A comparable analogy to the differences 
between the two detectors mentioned would be that the charge-coupled device 
detector is able to see in two dimensions, while scintillation counters are only able to 
see in one dimension. 
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Aside from the above two components, there are many other variables involved in 
sample analysis by an XRD machine. As mentioned earlier, a steady incident beam is 
extremely important for good data collection. To further ensure this, there will often 
be what is known as a Soller slit found in many XRD machines. A Soller slit acts 
much like polarized sunglasses: it organizes random X-ray beams into a stack of 
neatly arranged waves parallel to the plane of rotation of the detector. Some 
machines have a Soller slit between the sample and the detector, which drastically 
reduces the amount of background noise, especially when analyzing iron samples 
with a copper X-ray source. 
Over time, XRD analysis has evolved from a very narrow and specific field to 
something that encompasses a much wider branch of the scientific arena. In its early 
stages, XRD was (with the exception of the simplest structures) confined to single 
crystal analysis, as detection methods had not advanced to a point where more 
complicated procedures was able to be performed. After many years of discovery and 
refining, however, technology has progressed to where crystalline properties 
(structure) of solids can be gleaned directly from a powder sample, thus offering 
information for samples that cannot be obtained as a single crystal. One area in 
which this is particularly useful is pharmaceuticals, since many of the compounds 
studied are not available in single crystal form, only in a powder. 
Even though single crystal diffraction and powder diffraction essentially generate the 
same data, due to the powdered nature of the latter sample, diffraction lines will 
often overlap and interfere with data collection. This is apparently especially when 
the diffraction angle 2θ  is high; patterns that emerge will be almost to the point of 
unidentifiable, because of disruption of individual diffraction patterns. For this 
particular reason, a new approach to interpreting powder diffraction data has been 
created. 
Another important aspect of being able to study compounds in powder form for the 
pharmaceutical researcher is the ability to identify structures in their natural state. A 
vast majority of drugs in this day and age are delivered through powdered form, 
either in the form of a pill or a capsule. Crystallization processes may often alter the 
chemical composition of the molecule (e.g., by the inclusion of solvent molecules), 
and thus marring the data if confined to single crystal analysis. Furthermore, when 
the sample is in powdered form, there are other variables that can be adjusted to see 
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real-time effects on the molecule. Temperature, pressure, and humidity are all factors 
that can be changed in-situ to glean data on how a drug might respond to changes in 
those particular variables [49]. 
2.4.7 Scanning electron microscopy (SEM) 
The scanning electron microscope (SEM) is the most widely used of all electron 
beam instruments. It owes its popularity to the versatility of its various modes of 
imaging, the excellent spatial resolution of its images, the ease with which the 
micrographs that are generated can be interpreted, the modest demands that are made 
on specimen preparation, and its ‘user-friendliness’. At one end of its operating range 
the SEM provides images which can readily be compared to those of conventional 
optical microscopes, while at the other end its capabilities are complementary to 
instruments such as scanning tunneling (STM) or atomic force (AFM) microscopes. 
While its resolution can now approach 0.5 nm, rivaling that of a transmission 
electron microscope, it can handle specimens as large as production size silicon 
wafers. It is this capability in particular which makes the SEM so useful a tool since 
multiple views of a sample, in different imaging modes, can be collected and 
compared in a single pass of the beam [50]. 
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3.  EXPERIMENTAL PART 
3.1 Chemicals Used 
Styrene (S, 99%, extra pure), 2-ethylhexyl acrylate (EHA, 99%, stabilized), 
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA, 99%) were purchashed 
from Across Organics Co., ethylene glycol bis(2-bromopropionate), copper (I) 
chloride (CuCl), copper (I) bromide (CuBr, 98%) were purchashed from Aldrich, 
sepiolite (PAN, Pangel S9) was purchashed from Amcol Madencilik A.S. and layers 
were separated with quaterner ammonium compounds in Sabanci University, 
montmorillonite (MMT, KKQ R36) was purchashed from Karakaya A.S. and layers 
were separated with quaterner ammonium compounds in Sabanci University, silica 
(SIL, Fumed, HDK H2O) was purchashed from Wacker Silicon Co., 
dichloromethane (technical purity), toluene (99.5 %) was purchased from Carlo Erba, 
MeOH (technical purity). 
3.2 Synthesis of Di-functional Macroinitiator, Poly(2-ethylhexyl acrylate) 
Poly(2-ethylhexyl acrylate) (PEHA) that has low Tg was synthesized from the 
monomer of 2-ethylhexyl acrylate. General ATRP procedures were implemented. 
CuCl or CuBr was used as a metal catalyst and N,N,N′,N′′,N′′-pentamethyl 
diethylenetriamine (PMDETA) as a ligand. Ethylene glycol bis(2-bromopropionate) 
was used as dual ATRP initiator that was synthesized by our research group [48]. 
Toulene was used as a solvent.  
First, CuCl was put in a flask which has a stopper and a valve on the side-arm. The 
tapped arm of the flask was closed with rubber stopper and the flask was de-
oxygenated by vacuum and then purged with nitrogen by 3 circles. During this de-
oxygenetion; solvent, monomer and initiator were purged and bubbled under 
nitrogen in erlenmayers which tapped with rubber stoppers. After purge process; 
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toluene, monomer and initiator were put into the flask with glass syringes, 
respectively. The flask was placed to oil bath which is 100 oC  with 400 rpm fixed 
stirring rate. Reaction was terminated with methanol and diluted with DCM after the 
required time had been passed, then mixture was passed through neutral alumina to 
remove catalyst and precipitated into methanol in order to remove unreacted 
monomers, initiator, solvent. The product was dried under vacuum. 
3.3 Synthesis of ‘Baroplastic’ PS-b-PEHA-b-PS Tri-block Copolymer 
In order to synthesize a tri-block copolymer, general ATRP procedures were 
implemented, precursor macroinitiator PEHA homopolymer was synthesized from a 
dual initiator.. PEHA dual-macroinitiator was added into the flask and then solvent, 
catalyst, styrene and ligand were added, respectively. Reaction was terminated with 1 
ml of methanol, then mixture was diluted with DCM and poured into methanol in 
order to obtain polymer powders. After filtration, obtained polymer powder was 
dried in vacuum oven. 
3.4 Nanocomposite Preparation 
In order to obtain nanocomposite materials, three different kinds of nanoparticles 
(two is clay nanoparticle and one is silica) were used. Firstly, polymer was dissolved 
in DCM, and then nanoparticle-DCM solution was seperately prepared in order to 
swell layers of nanoparticles to interact well with the polymer. Nanoparticle-DCM 
solution was gently added to polymer solution after mixing them for 48 hours at 
room temperature and were aditionally mixed for 48 hours, in order to interact 
polymer chains with nanoparticles. By this way, different ratios of the polymer-
nanoparticle solutions were prepared and precipitated into methanol and then dried 
under vacuum. Prepared nanocomposites were named according to their nanoparticle 
type and ratio in Table 3.1. 
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Table 3.1 : Nomenclature of the nanocomposites. 
Weight % Type of Nanoparticle 
MMT PAN SIL 
1 MMT-1 PAN-1 SIL-1 
3 MMT-3 PAN-3 SIL-3 
5 MMT-5 PAN-5 SIL-5 
20 MMT-20 PAN-20 SIL-20 
3.5 Mold Design 
Processing baroplastic nanocomposits under pressure in lab scale, to design a new 
mold was needed. Many types of molds for baroplastics were tried and designed by 
our research group. Finally, last design was generated which was made by STAVAX 
2083 stainless steel and was used to process nanocomposites under room temperature 
(Figure 3.1). 
  
Figure 3.1 : a, b) Baroplastic processing mold. c) Processed material. 
3.6 Processing of the nanocomposites 
As mentioned in the theoretical part, the polymers should involve miscibility 
between hard and soft segments which are immiscible at ambient room conditions to 
be considered as baroplastic materials. In view of the fact that, different 
compositions of nanocomposites were processed via compression or injection 
molding to obtain nanocomposite testing strings. For compression molding,  a heat 
and pressure controlled Hursan hydrolic press was used to processing of 
nanocomposite at room temperature and between 1200-1700 kg.cm-2 pressure  
(Figure 3.2).  Purificated and precipitated powder form nanocomposites were 
processed via the mold which is designed by our research group. 
a b c 
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Figure 3.2 : Hydraulic press (Hursan). 
Powder form of polymer-nanoparticle nanocomposite was put into the mold and the 
force was applied with Hursan hydrollic press with controlled pressure and heat. This 
procedure was repeated for every different kind and composition of nanocomposites. 
As shown in Figure 3.2 nanocomposites in the powder forms were put into the 
compression mold, that must be closed and screwed tightly to prevent leaks, centered 
on press at room temperature. After processing, rectangular shaped nanocomposite 
strings were obtained Figure 3.3. 
 
Figure 3.3 : a) Pressure applied nanocomposite b) Processed nanocomposite strips. 
3.6.1 Mini extruder-injection moulding 
DSM Xplore 15 ml micro-compounder (Figure 3.4) was used to obtain 
nanocomposite melt in order to prepare dog-bone type tensile testing samples for 
different compositions of nanocomposites by using DSM Xplore 10 ml injection 
moulding machine. The screw speed was kept at 200 rpm for 5 mins during 
compounding, barrel temperature of micro-compounder was 130 °C. Materials were 
moulded using DSM Xplore 10 mL injection molding machine to obtain tensile and 
dog-bone type tensile bars. The injection and holding pressures were set to 10 
Newtons. Melt temperature and mold temperature were 130 °C. Two different types 
a b 
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of samples that is shown in figure 3.5 were prepared using injection moulding. Raw 
material, 5 and 20% nanoparticle containing nanocomposites were processed with 
both strip-shape and dog-bone type molds. 
 
Figure 3.4 : a) Micro-compounding machine and b) injection moulding machine. 
     
Figure 3.5 : a) Strip-shaped, b) dog-bone type samples. 
3.7 Characterization 
3.7.1 Gel permeation chromatography (GPC) 
The number average molecular weights and molecular weight distribution of 
synthesized polymers were measured by a gel permeation chromatography (GPC) 
system forming from an Agilent 1200 series pump, three Waters Styragel HR 
columns (guard, 3, 4) and an Agilent 1100 series RI detector with a THF flow rate of 
a b 
a b 
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1 mL.min-1 (Figure 3.6). Poly(methyl methacrylate) or polystyrene calibration 
standards were used to follow polymerization. 
 
Figure 3.6 : Gel permeation chromatography. 
3.7.2 Nuclear magnetic resonance spectroscopy (NMR) 
To calculate composition of tri-block copolymer, the polymer was solved in 
deuterated chloroform (CDCl3) and the 1H NMR spectra were measured on a Bruker 
AC250 (250, 133 MHz) NMR spectrometer with the internal reference TMS. 
3.7.3 Differential scanninc calorimetry (DSC) 
Differential scanning calorimetry (DSC) measurements were done to find out Tg,mix 
values for every different nanocomposite using TA instruments Q1000 series. 
Thermograms were evaluated from the first heating run in a range of -90 to 150 °C 
with 10 °C.min-1 ramp rate. Cooling ramp is not specified and equilibrate command 
was used. All tests were carried out under 50 ml.min-1 rate of nitrogen purge. All 
Tg,mix measurement were investigated on TA Universal Analysis software by the 
inflection of change in the endothermic direction of the heating ramp. 
3.7.4 Dynamic mechanical analyzer (DMA) 
TA Q800 Dynamic mechanical analyzer (DMA) (Figure 3.7) was used to measure 
mechanical properties of nanocomposites from the stress-strain curves at room 
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temperature. Glass transition temperatures of nanocomposites were measured from 
the curves of derivative loss modulus-temperature. For thermal measurements 
tension clamps were used. The nanocomposite strings were heated from 30 to 150 oC 
with the 5 oC.min-1 heating rate while the frequency was 0.25 Hz and amplitude was 
0.005 N. 
 
Figure 3.7 : Dynamic mechanical analyzer (DMA). 
3.7.5 Tensile tests 
Zwick Roell Z100 Universal Testing Machine (UTM) was used to measure tensile 
properties of nanocomposites from the stress-strain curves at room tempearture. For 
this measurement 10 kN load and 2 mm.min-1 speed was used. Young’s modulus of 
nanocomposites were calculated from the stress-strain curves for different 
compositions. 
3.7.6 Thermal gravimetric analysis (TGA) 
 Perkin Elmer TGA 4000 was used to measure thermal stability and char yield of 
nanocomposites comparing raw material. For TGA measurements samples are heated 
from 50 to 550 oC with 10 oC.min-1 heating rate. Results were plotted heat (oC) 
versus weight %. 
3.7.7 Scanning electron microscopy (SEM) 
A cross section of processed sample was performed with LEO Supra VP35 FE-SEM 
for every different nanoparticle compositions under room temperature and ambient 
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pressure. A thin conductive carbon coating was sputter deposited onto samples prior 
to analysis. 
3.7.8 X-ray differaction (XRD) 
XRD measurements were carried out under ambient temperature and pressure with 
Bruker AXS-D8 at 40 kV and 40 mA with step size 0.02 degree and data collection 
period 2 seconds per step. 
3.7.9 Capillary rheometer 
Capillary rheometry analyses were carried out with Rosand RH10 twin-bore, high-
pressure capillary rheometer at 60 oC with 1 mm diameter (Figure 3.8). The shear 
rates used were; 100, 177, 312, 562 and 1000 s-1 roughly with the 50 mm.s-1 (1 MPa) 
speed and 6 min preloading in order to measure apparent shear viscosity and 
apparent shear stress. 
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4.  RESULT AND DISCUSSION 
4.1 Di-functional Poly(2-ethylhexyl acrylate) (X-PEHA-X) 
Well defined di-functional poly(2-ethylhexyl acrylate) (X-PEHA-X) was synthesized 
via ATRP (Figure 4.1) according to the literature procedure [51], demonstrated by 
our group, and polymerization conditions are given in Table 4.1.  
 
Figure 4.1 : Synthesis of di-functional macroinitiator X-PEHA-X. 
Table 4.1 : Characteristics of X-PEHA-X macroinitiator. 
Polymera [M]o:[I]o Time (h) Yield (g) Conv. %  Mn, GPCb Mw/Mnb 
Cl-PEHA-Cl 140 2 180 82 21,000 1.32 
a T: 100 oC, [M]o= 3.4 mol L-1, [2-Br*]o:[CuCl]o:[PMDETA]o= 1:2:2 
b
 Calculated from GPC calibrated with linear PMMA standarts 
4.2 PS-b-PEHA-b-PS Tri-block Copolymer 
ATRP allows block copolymer synthesis by sequential steps (one pot) or by 
separated steps (two pots), where one component is polymerized in first batch, and 
then continued with the second monomer in the other batch after several purification 
steps [13]. In this study, ‘two pots’ method was used to synthesize tri-block 
copolymer. The reaction was followed by taking samples at different times and 
measure the approximate block copolymer composition by GPC. Exact block 
copolymer composition was calculated using 1H NMR measurements according to 
the integration of characteristic peaks of corresponding block copolymer segments. 
Dual ATRP initiator  
Cl-PEHA-Cl 
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First di-functional PEHA was synthesized and after some purification steps, it was 
used as a macroinitiator (MI) for the ATRP of styrene. The synthetic route and the 
conditions were summarized in Figure 4.2 and Table 4.2, respectively. 1H NMR 
spectrum of tri-block PS-b-PEHA-b-PS copolymer is shown in Figure 4.3. The 
signals of the methyl ester group were also assigned by means of 1H NMR 
measurements confirming the incorporation of the PEHA blocks in the block 
copolymer. The block copolymer’s composition was calculated using 1H NMR 
measurements by integrating the characteristic peak of PEHA segment (-C(O) 
OCH2-) at 3.91 ppm versus the aromatic peaks of the PS segment at 6.56-7.06 ppm. 
PEHA content in the tri-block copolymer was calculated as 53%. In GPC traces of 
the PS-b-PEHA-b-PS tri-block copolymer, The peak correponding PEHA shifted to 
the higher molecular weight region with increasing monomer conversion in the 
ATRP of styrene that is shown in Figure 4.4. 
Table 4.2 : Characteristics of the PS-b-PEHA-b-PS tri-block copolymer. 
Polymera [M]o:[MI]o Time (h) Yield (g) Conv. % Mn,GPCb Mw/Mnb 
PS-PEHA-PS 160 6 250 75 32,000 1.70 
a T: 110 oC, [M]o= 3 mol L-1, [MI]o:[CuBr]o:[PMDETA]o= 1:2:2 
b
 Calculated from GPC calibrated with linear PMMA standards 
 
 
Figure 4.2 : Synthesis of PS-b-PEHA-b-PS tri-block copolymer. 
Cl-PEHA-Cl 
 
PS-PEHA-PS 
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Figure 4.3 : 1H NMR spectrum of PS-b-PEHA-b-PS in CDCl3 (53% PEHA). 
 
Figure 4.4 : GPC traces of the PEHA segment and PS-b-PEHA-b-PS (53% PEHA). 
4.3 Mechanical Tests 
4.3.1 Nanocomposite processing 
As mentioned before, in order to demonstrate the room temperature processability, 
nanocomposites were processed by applying pressure in the mold which was 
designed by our research group. Processed materials are shown in Figure 4.5, where 
some of them are transparent and some of them are not according to their 
nanoparticle ratio and type. For example, MMT-5 and PAN-5 nanocomposites are 
not transparent enough to see crosses on the paper under them in Figure 4.5a. Since 
these two nanoparticles are both colorfull, transparency of nanocomposites prepared 
these nanoparticle is decreasing due to ratio of nanoparticle. On the contrary of PAN 
PS-b-PEHA-b-PS 
Mn: 32.000 g.mol-1 
PDI: 1.70 
PEHA Segment 
Mn: 21.000 g.mol-1 
PDI: 1.32 
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and MMT nanocomposites, 3 dimension nanoparticle shows the best transparency 
among these three kind of nanoparticles. SIL-1, SIL-3 and SIL-5 are transparent 
those can be seen from the Figure 4.5a. SIL-1 and SIL-3 are transparent but could not 
be clearly seen on Figure 4.5a, because of these strip’s wavy shape which was caused 
by processing. However, it can be seen from the Figure 4.5b, all compositions up to 
20% of silica nanopaticle are transparent. Figure 4.5b shows the injection moulded of 
raw polymer, 5 and 20% nanoparticle containing nanocomposites prepared with three 
different types of nanoparticles. Because of the special mold was caused a wavy 
shapes in the final products, injection molding was used to obtain smooth surfaces 
that showing transparency and applicable for  mechanical measurements. Figure 4.5b 
shows that PAN-5, PAN-20 and MMT-20 are not transparent due to their colorful 
nature. 
 
 
Figure 4.5 : Strip shaped a) extruded, b) injection moulded samples. 
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4.3.2 Young’s modulus measurements by tensile test 
It is an important parameter to characterize mechanical properties of nanocomposites 
to understand interaction between nanoparticle and polymer. Zwick universal testing 
machine (UTM) equipped with clamps for elastomeric materials was used to 
characterize maximum strain, ultimate stress, Young’s modulus and stress-strain 
curvesfor nanocomposites 5 and 20% nanoparticle content and raw material in the 
shape of dog-bone type injection moulded samples. 
The Young’s modulus values calculated from Figure 4.6 are given in Table 4.4. As 
can be seen from the Table 4.3, Young’s modulus is increasing by adding 
nanoparticles to PS-b-PEHA-b-PS tri-block copolymer. Young’s moduluses that 
calculated from the first slopes are much more higher than calculated from the 
second slopes because of relaxation behaviour. The highest Young’s modulus value 
of first slopes is PAN-20 that is 135 KPa. This result is comprable with the given 
properties of Pangel S9 product supplier’s. Pangel S9 is known with well interactions 
with polymers and stabilization of rheological behaviours. Because of increasing 
Young’s modulus and rheological properties PAN-20 has the lowest maximum strain 
value that even lower than the raw materal [52]. 
It can be seen that SIL-20 has lower ultimate stress and lower maximum strain than 
SIL-5. The main reason of this is hydrophobic silica particles are agglomerated due 
to its composition. This agglomeration will be discussed in the SEM results. 
Table 4.3 : Young’s modulus, ultimate stress and maximum strain values of raw 
material, 5 and 20% nanoparticle containing nanocomposites. 
Material Young’s Modulus (MPa) 1st slope   
(0%-8% strain) 
Young’s Modulus 
(MPa) 2nd slope   
(8%- ∞% strain) 
Ultimate 
Stress (MPa) 
Max. 
Strain % 
RAW 0.071 0.013 1.670 112.2 
MMT-5 0.088 0.015 1.870 121.2 
MMT-20 0.082 0.017 1.780 110.0 
PAN-5 0.088 0.015 1.940 104.1 
PAN-20 0.135 0.020 2.970 89.2 
SIL-5 0.078 0.020 2.250 118.1 
SIL-20 0.086 0.015 1.740 116.0 
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Figure 4.6 : Stress-strain curves of raw block copolymer and its nanocomposites. 
a 
b 
c 
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4.4 Rhological Tests 
One of the important aim of this study is the to investigate rheological properties of 
nanocomposites in which capillary rheometer instrument is a key that is already 
being used in industry. Even in researh laboratories capillary rheometer was used at 
high temperatures (around Tm of polymers) in order to measure viscosity and stress, 
for first experiments 30, 40 and 50 °C were tried to flow material with capillary 
rheometer, but this attemptions had been unsuccessful because of capillarie’s die. 
The temperature was settled to  60 °C  with 1 mm die, which is the minimum 
temperature for material to flow. Previous rheological measurements were done with 
2 mm die and at 28 °C for baroplastic materials by our research group [48]. 
Baroplastic materials exhibits an unusual deformation of a polymer is due to their 
viscoelastic behaviour. The deformation of a material is due to stresses imposed to it. 
The capillary die used was 1 mm in diameter and 0 mm in length and an entrance 
angle of 180°, which was fitted into the left-hand barrel. During extrusion process 
with capillary rheometer at 60 °C, PS-b-PEHA-b-PS baroplastic tri-block copolymer 
and its various nanocomposites were used. The results for 5% and 20% nanoparticle 
containing nanocomposites with raw material were compared according to their 
apparent shear stress-shear rate and apparent shear viscosity-shear rate curves are 
shown in Figures below. To evaluate the effect of nanoparticle composition on 
processing, capillary rheometer measurements were applied on nanocomposites with 
different nanoparticle compositions. Comparing the apparent shear viscosity of 
nanocomposites with 5 and 20% nanoparticle content that is the higher ratio 
nanoparticle added nanocomposites. 
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Figure 4.7 : Rheology results for PAN nanocomposites. 
PAN-20 and SIL-20 nanocomposites have higer viscosity values than the PAN-5 and 
SIL-5 nanocomposites which means the viscosity is increasing proportionally by 
increasing nanoparticle ratio shown in Figure 4.7 and Figure 4.8 respectively.  
 
Figure 4.8 : Rheology results for SIL nanocomposites. 
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Figure 4.9 : Rheology results for MMT nanocomposites. 
For MMT-20 nanocomposite the case is reverse. The MMT-5 nanocomposite has 
higher viscosity than the MMT-20 nanocomposite (Figure 4.9). This result could be 
expected because the critical composition for MMT was under 20% that was 
discussed above [53]. The increasing agglomerated MMT particles could act as a 
lubricant because of the decreasment in the apparent shear viscosity. It is obvious 
that for all materials, apparent shear viscosity is decreasing with increasing shear 
rates that causes the material to be extruded from the rheometer’s die fluently. Again 
with same trends, decreasing apparent shear viscosity by increasing shear rate, 
increasing apparent shear stress curves was observed. 
 
Figure 4.10 : Rheology results for 5% nanoparticle containing nanocomposites. 
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As can be seen from the Figure 4.10, MMT-5 nanocomposite has the highest shear 
stress values between 5% nanoparticle containing nanocomposites by far.   
 
Figure 4.11 : Rheology results for 20% nanoparticle containing nanocomposites. 
It is also obviousy seen that the highest apparent shear stress value belongs to PAN-
20 nanocomposite which related to lower maximum strain and higher ultimate stress 
values given in Table 4.3 and shown in Figure 4.11. This two results show that PAN 
nanocomposites getting rigid, fragile and durable comparing to other two types of 
nanoparticle containing nanocomposites. 
4.5  Thermal Tests 
4.5.1 Differential scanning calorimetry (DSC) 
DSC is a thermoanalytical technique in which the difference in the amount of heat 
required to increase the temperature of a sample and reference is measured as a 
function of temperature. Both the sample and reference are maintained at nearly the 
temperature. DSC is an important eqiupment to characterize polymer’s Tg or 
baroplastics. The results of DSC experiments are taken as a curve of heat flow versus 
temperature to identify nanocomposite’s Tg,mix values (Figure 4.12). The chosen 
Tg,mix areas of curves is shown zoomed in Figure 4.8a. For MMT nanocomposites, 
Tg,mix values are increased by increasing nanoparticle ratio (Figure 4.12a) due to 
limitation of polymer chains movements. For PAN nanocomposites Tg,mix value of 
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PAN-1 is not much differs from the raw material where PAN-3 and PAN-5 Tg,mix 
values are higher then the raw material but not much like MMT-3 and MMT-5. 
 
 
Figure 4.12 : Tg,mix values for a) MMT, b) PAN and c) SIL nanocomposites by DSC. 
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For SIL nanoparticle containing nanocomposites, again SIL-1 has the same Tg,mix 
value with raw material while they are increasing proportionally with the increasing 
nanoparticle ratio for SIL-3 and SIL-5 nanocomposites.  
Due to resolution of DSC curves were too smooth to see Tg,mix values related to the 
high heat capacities of nanoparticles,  Tg,mix measurement for all samples were 
carried out by DMA (Figure 4.13). 
 
Figure 4.13 : Resolution of DSC curves for RAW and MMT-5. 
Nanoparticle conceals Tg,mix of baroplastics and it’s hardly seen from the curves of 
DSC. As mentioned before, DSC is a thermal technique, while DMA is both thermal 
and mechanical technique to measure thermal transitions of materials. 
 
4.5.2 Tg,mix measurements by DMA multi-frequency strain test 
DMA is a prominent thermal and mechanical analysis teqhnique that can be used to 
accurately characterize both thermal and mechanical properties of materials over a 
wide temperature range. DMA can be used to determine the Tg of the 
nanocomposites.  
To characterize and quantify the effects of the nanoparticles on the baroplastic 
materials, tension tests on processed or moulded objects were carried out. Obtained 
strip-shaped and dog-bone type films from special designed extrusion piston or mold 
was atteched to the tension film clamp as shown in Figure 4.14 to perform 
stress/relaxation test. 
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Figure 4.14 : Tension clamps for DMA. 
DMA measurements are performed to a set of extruded strip-shape type 
nanocomposite samples with different compositions and dimensionity of 
nanoparticles using tension clamps. DMA multi-frequency mode is used to measure 
Tg. The results obtained using this method is listed in the Table 4.4 and a overlay 
graph is given in the Figure 4.15. 
Table 4.4 : Tg results for strip-shape nanocomposites and raw baroplastic material. 
Material Type Tg, mix (°C) 
0% 1% 3% 5% 
SIL 71.78 72.54 75.63 76.70 
MMT 71.78 69.61 74.08 74.92 
PAN 71.78 72.98 76.14 76.90 
 
 
 
Figure 4.15 : Overlay of DMA Tg,mix measurements of nanocomposites. 
The Tg,mix values were calculated from the derrivative loss modulus and temperature 
curves. Other Y scales of these measurements like storage modulus, loss modulus or 
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tan delta curves was too smooth to see the Tg,mix values, that’s why derrivative of loss 
modulus was used. The results are likewise mentioned in the literature, measured 
Tg,mix values are close but higher then raw material generally [52]. MMT-1 
nanocomposite’s Tg,mix value is lower then the raw material that means MMT-1 is 
under critical volume for nanocomposite as mentioned in the literature [53]. 
4.5.3 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) is one of the most commonly used thermal 
technique for nanocomposites. It measures weight changes in a material as a function 
of temperature or time under a controlled atmosphere. The main uses include 
measurement of a material’s thermal stability and composition. TGA instruments are 
routinely used in all phases of research, quality control, and production operations. 
 
Figure 4.16 : TGA curves of a) MMT, b) PAN and c) SIL nanocomposites. 
As can be seen from the Figure 4.16a, MMT nanoparticle addition to baroplastic 
material do not change the thermal stability of material where unprocessed PAN 
(Figure 4.16b) and SIL (Figure 4.16c) nanocomposites thermal stability is lower then 
both raw material and procesed nanocomposite. Finally thermal stability is not much 
changed as mentioned in the literature [31].  The results shows that only solvent 
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mixing of nanocomposites is not completely enough to interact polymer with 
nanoparticles for PAN and SIL. During processing period polymer gets melt and 
interacts better with nanoparticles to form nanocomposite. From the Figure 4.16 it 
can be seen that the processed nanocomposites char yields are higher then the 
unprocessed nanocomposites char yields which occurs from the permeability that 
caused from the better interactions between nanoparticle and the polymer [36]. 
4.6 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) is widely used technique to characterize 
nanocomposites optically. Raw material, nanocomposites with 5% and 20% 
nanoparticle were characterized using SEM to see the dispersion of the nanoparticles 
in the polymer matrix. Figure 4.17 shows the SEM images of raw material and its 5-
20% MMT, PAN and SIL nanocomposites. As can be seen from the Figure 4.13b, 
MMT-5 has some small dots which refers to MMT nanoparticles and bigger dots 
which refers to agglomerated MMT nanoparticles. For comparing the raw material, 
these white dots does not exist (Figure 4.17a). Comparing MMT-5 and MMT-20 
nanocomposites (Figure 17b-c), MMT-20 nanocomposite has more agglomerated 
nanoparticles and it can be clearly seen that for both composition exfoliation is not 
occurred because of the shapes of the nanoparticles are not disappeared or deformed 
[54]. This agglomeration causes to more rigid material. As mentioned before in the 
tensile tests and rheological tests agglomeration which caused from the critical ratio 
of the nanoparticle. The agglomeration causes lower breaking point in the tensile 
tests, and lower viscosity and stress values were obtained in the rheological tests for 
MMT-20 then the MMT-5 nanocomposite.  
As can be seen in the Figure 4.17d-e, the agglomerations are in case for both PAN-5 
and PAN-20 nanocomposites. Increasing nanoparticle ratio is not causes increasing 
agglomeration of nanoparticles unlike MMT nanoparticles. The needle-type PAN 
nanoparticles can be easily seen from the SEM images of the PAN nanocomposites 
both for PAN-5 and PAN-20. If there was an agglomeration for needle-type PAN 
nanocomposites, the needle-shaped nanoparticles should be dissapeared or the ratio 
of the needle-shaped nanoparticles should be decreased due to the agglomeration. 
This well dispersion of nanoparticles shows better mechanical properties against 
increasing nanoparticle ratio. For rheological measurement, the apparent shear stress 
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of PAN-20 has the highest value between all measured types and ratios of 
nanocomposites where the ultimate stress value is the highest value for tensile tets 
too. As supplier of the Pangel S-9 nanoparticle mentioned, the increasing viscosity 
and stress values causes more rigid, fragile but more durable material [55]. 
 
Figure 4.17 : SEM images of polymer and MMT, PAN, SIL nanocomposites. 
Figure 4.17f-g shows SEM images for SIL nanocomposites and where SIL-5 
nanocomposite has more small dispersed nanoparticle dots comparing to the SIL-20 
nanocomposite can be seen. As mentioned in the tensile test part, agglomeration of 
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silica nanoparticles causes decreasement in mechanical properties. This 
agglomeration is related with silica high shear requirements for dispersion as 
mentioned by suppliers [56]. 
High shear requirements causes SIL nanocomposites to show lower thermal 
stabilities before processing by pressure under the room temperature. Higher shear 
values can be obtained by increasing processing temperatures in where higher 
temperatures are not preffered for this project. As can be seen from the Figure 4.17f 
for SIL-5 nanocomposite agglomeration is in the case but dispersion of silica 
nanoparticles is better then SIL-20 nanocomposite (Figure 4.17g) because 
agglomerated areas are much more bigger then the SIL-5 nanocomposite. 
4.7 X-Ray Diffraction (XRD) 
X-ray diffraction (XRD) is a physical phenomenon as well as an experimental 
method for the characterization of materials. XRD measurements of different 
composition nanocomposites and nanoparticles were done in order to identify 
changes in crystalinity of polymer and interactions between nanoparticle and 
polymer chains. Figure 4.18 shows that for all kinds of nanocomposites, exfoliation 
or intercalation is not in case. It’s obviously understood from the nanoparticle’s 
characteristic peaks which are given in Figure 4.18 and numbered as 1. A shifting on 
nanoparticle’s peak or dissapearing shows intercalation or exfoliation of 
nanoparticles. Because of this situation is not in case for these nanocomposites so 
there is no exfoliation or intercalation occured. 
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Figure 4.18 : XRD curves of nanocomposites. 
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5.  CONCLUSIONS AND RECOMMENDATIONS  
This thesis is point on well-defined block copolymer clay/silica nanocomposites 
consist of immiscible soft and hard segments showing pressure-induced miscibility at 
low/room temperature, which is named baroplasticity. Di-, tri-, star-block 
copolymers and core-shell nanoparticles consist of PS and PEHA segments, which 
have baroplastic properties were recently published. In this thesis, large scale of 
baroplastic material is aimed to synthesize using ATRP method and synthesized tri-
block copolymer of PS-PEHA-PS used for making different composition 
nanocomposites with three different types of nanoparticles and these nanocomposites 
are characterized by thermal, mechanical, rhological and microscopical methods. 
For that purpose, 250g of well-defined tri-block PS-PEHA-PS copolymer was 
synthesized and characterized by 1H NMR to understand compositions of the hard 
and soft segments where PEHA is soft and PS is hard one. After obtaining 53% 
PEHA containing material, three different kinds of nanoparticles were added into 
dichloro methane for 48 hours in order to swell of nanoparticles where polymer was 
solved with dichloro methane at the same time in different beakers. After 48 hours, 
nanoparticle mixtures were poured into polymer solutions slowly for every different 
composition and types of nanocomposites. After this step, mixtures were again 
mixed for 48 hours to interact nanoparticles with polymer chains. Mixtures were 
precipitated into methanol and dried under vacuum to obtain nanocomposite. 
After purifications, nanocomposits were processed under pressure at room 
temperature. Some of the nanocomposites were extruded properly and some were not 
due to nanoparticle load. PAN-20 and MMT-20 had a wavy surface after moulding 
process and it was a problem for tensile test, so dog-bone type and strip shaped 
samples were prepared using mini-compounding extruder and mini injection 
moulding machine.  
In order to understand rheological behaviors of the nanocomposites, measurements 
were done with 5 and 20% nanoparticle containing nanocomposites. As expected, 
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viscosity of the PAN nanocomposites increased related to loaded nanoparticle ratio, 
where SIL-20 and MMT-20 showed lower viscosity values then the SIL-5 and 
MMT-5 that could be propably caused by overload of the polymer. Moreover, all 
kinds of nanocomposites showed higher viscosity then the virgin material.  Viscosity 
gives information about the material, i.e. resistance to flow. From this finding, we 
suggest that durable materials show higher viscosities. PAN-20 showed the highest 
viscosity and stress values because PAN nanoparticle is a viscosity modifier as the 
suppliers stated.  
For the experiments that were run with universal testing machine, Young’s 
moduluses were calculated from the curves of stress-strain. Young’s moduluses were 
increasing for every nanocomposites comparing to raw material. Tensile tests 
showed that again PAN-20 nanocomposite has the highest Young’s modulus. 
Increased modulus showed lower maximum strain but higher ultimate stress values, 
which mean that material, got more rigid, fragile and durable. SIL-20 showed lower 
modulus and max strain values because of agglomeration which was supported with 
the SEM results. This agglomeration could be related to hydrophobic property of the 
silica particles where hydrobilicity could cause agglomeration at high nanoparticle 
concentrations. 
Differantial scanning calorimetry (DSC) results show that for nanocomposites, Tg,mix 
values were increasing with increasing nanoparticle ratio. Tg,mix values were re-
calculated from the DMA results because of the nanocomposites DSC resolution. 
DMA results supported for all nanocomposites Tg,mix values were increasing due to 
nanoparticle ratio except MMT-1. This low Tg,mix value could be caused by a 
measurement mistake or 1% MMT could be act as a lubricant.  
Thermal gravimetric analysis shows that there is not much difference between the 
thermal stability of the nanocomposites and raw material. Results show that 
unprocessed nanoparticles have lower thermal stability then processed ones for SIL 
and PAN nanoparticles. There is no thermal stability difference between processed 
and unprocessed MMT nanocomposites. Because of MMT is an organically modified 
nanoparticle it interacts easier with the polymer comparing to SIL and PAN 
nanoparticles. After processing of nanocomposites, SIL and PAN nanocomposites 
interact better with polymer and shows better thermal stability properties than MMT . 
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Scanning electron microscopy (SEM) helped to understand behaviours of the 
nanoparticles in the polymer matrix. For PAN and MMT nanocomposites, 
agglomeration and dispersion is increasing with the increasing nanoparticle ratio 
proportionally, where this is contrast for the SIL nanoparticles. Increasing SIL 
nanocomposite ratio, increasing the agglomeration but not dispersion. This causes 
material to be less durable and show lower mechanical properties which is due to 
hydrophobicity of the nanoparticle. 
X-ray diffraction (XRD) measurements were done to understand is there any 
intercalation or exfoliation for nanoparticles. Results show that there is no 
intercalation or exfoliation which understood from the characteristic peaks of the 
nanocomposites.  
In order to develop baroplastic’s properties, these measurements and steps made and 
some trends were showed in thesis. These results can be enhanced with modifying 
nanoparticles organically. This will give a chance to increase interaction between 
polymer and nanoparticle. With the advancing of the baroplastics, they will come in 
to our lives step by step and plastic wastes, energy consumptions, environmental 
pollutions will be decreased in the near future. 
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